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ABSTRACT 
 
An in vitro study of surface alterations to PEEK and titanium and 
its effect upon human gingival fibroblasts 
 
Maryam Gheisarifar, DDS 
Marquette University, 2019 
 
 
 
Objective: Soft tissue attachment to different surfaces plays a pivotal role in long term 
success of dental implants. The aim of the current study was to evaluate viability and 
adhestion of human gingival fibroblasts (HGFs) upon specific surface modifications on 
different implant abutment materials.  
 
Material & Methods: A total of 150 specimens in 6 experimental groups were used: 
titanium alloy (Ti [smooth machined]), titanium laser-modified (TiL), PEEK (P [smooth 
machined]), PEEK laser-modified (PL), PEEK plasma treated (PP), PEEK laser and 
Plasma treated (PLP). The surface roughness (Sa), water contact angle (WCA), and X-ray 
photoelectron spectroscopy (XPS) were measured. Human gingival fibroblast (HGF) 
attachment and proliferation were observed 1, 3 and 7 days post cell seeding. 
 Results: Sa values of the laser modified groups were significantly higher than the non-
modified (smooth machined) groups (P<.001). WCA of all groups was greater than 40 
degrees, except for the plasma treated groups. XPS analysis of both Ti and PEEK groups 
showed that this laser treatment did not alter chemical bonding. Scanning Electron 
Microscopy (SEM) revealed more functionally oriented HGF cells on the laser-grooved 
surfaces; however, the cells on the laser-modified PEEK groups were more stretched 
compared to the TiL group. On the first, third, and seventh day of proliferation, titanium 
groups showed no significant differences (P>.05). On the first and third day of 
proliferation, the plasma treated PEEK groups showed significantly greater proliferation 
than all experimental groups (P < .001); the PL group had the lowest proliferation (P < 
.001). On the seventh day of proliferation, statistically significant differences were 
observed among all groups (P < .001), with the exception of PL & P groups and PP & PLP 
groups(P>.05).  
Conclusion: Within the limitations of this study, laser modified titanium and PEEK 
surfaces led to guided gingival fibroblast attachment. Plasma treatment of PEEK surfaces 
increased the wettability of this polymer and improved proliferation of HGF. Therefore, 
PEEK implant components may be a valid choice in areas of esthetic challenges, where 
maximum soft tissue contact is essential.  
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                                                            CHAPTER 1 
 
INTRODUCTION 
 
 
 
     Dental implants are a predictable procedure for replacing missing teeth. In some 
instances, and particularly in sites with a thin biotype, esthetics may be challenging. 
Transmission of implant abutment color through overlying mucosa may occur, especially 
with metallic implant abutments, and/or in the esthetic zone. Even when the biotype is 
ideal, instability of the peri-implant tissues over time may lead to exposure of the metal 
abutment or implant. In order to overcome or prevent such complications, two 
approaches may be employed: 1- Stabilizing the soft tissue to minimize peri-implant 
tissue recession; or 2- Enhancing color harmonization of implant abutments with the 
surrounding soft tissue to camouflage recession or color transmission through mucosa.1 
 
     Formation of an early, long-lasting, effective barrier at the transmucosal portion of 
implant abutments is essential to avoid bacterial penetration and for biological protection 
of peri-implant structures.2 Attempts to stabilize peri-implant soft tissue using different 
concepts is a focus of current research. Some of the concepts include “platform 
switching”3, “biotype conversion”4 or “laser-microgroove technology” (also called Laser-
Lok technology [BioHorizons]).1 However, peri-implant mucosal recession may be 
inevitable in some cases, as it is not always possible to achieve stable, sufficiently thick 
peri-implant mucosa that can withstand recession or prevent color transmission. Although 
stabilized peri-implant soft tissue has been identified as one goal in implant dentistry, 
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gingival recession has varied from 0.6 to 1.5mm.2  
 
     Another approach for improving esthetics in the anterior region is using zirconia 
abutments. Several studies have evaluated zirconia  fracture resistance and the effects on 
titanium implants.5,6,7 There have been  clinical reports associated with  technical and 
biological complications due to catastrophic zirconia abutment fracture.5  Foong et al5 in 
an in vitro study, reported:  1- the mean number of cycles until failure of  titanium 
abutments was 3 times greater compared with  zirconia abutments; 2- the average load 
before failure for  titanium abutments was almost twice that of  zirconia abutments; and 
3- the mode of failure of  zirconia abutments was fracture at the apical portion of the 
abutments without damage or plastic deformation of abutment screws or implants. These 
results were consistent with other studies.5,6,7 Klotz et al6 and Stimmelmayr et al7, 
reported that for implants with zirconia abutments, the initial rate of wear and total wear 
following loading for 1,000,000 cycles was greater than that observed with titanium 
abutments. According to the authors6,7, component loosening and subsequent fracture 
and/or release of particulate titanium debris, and damage of the internal-implant 
connection was also a possible consequence of wear that could result in prosthetic 
failures. 
 
     Designing an implant abutment material with a color that is in harmony with 
surrounding tissues, especially in the anterior region where esthetic requirements are 
great, is desirable. Although there is a lack of evidence that supports a rationale for 
improving adherence of peri-implant soft tissues for prevention or reducing soft tissue 
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recession, doubtless, an implant abutment with greater soft tissue compatibility is 
desirable.
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Polyetheretherketon (PEEK), a member of the polyaryletherketone family, is a semi-
crystalline linear polycyclic aromatic, thermoplastic material that was first developed by 
English scientists in 1978.8 In the 1980s, PEEK was commercialized for industrial 
applications, such as aircraft and turbine blades.8 By the late 1990s, PEEK became a 
candidate for replacing metal orthopedic implant components.8 Today, PEEK products 
are usually processed by means of Computer Aided Design/Computer Aided 
Manufacturing or pressing techniques.7 
 
     Furthermore, PEEK has been shown to be biocompatible in vitro and in vivo and has 
been shown to be non-toxic, non-mutagenic nor responsible for clinically significant 
inflammation9. The mechanical properties of PEEK are similar to the mechanical 
properties of human cortical bone. For example, the elastic modulus of PEEK is 
approximately 8.3GPa, which is the same order of magnitude as human cortical bone 
(17.7GPa). PEEK’S elastic modulus is much lower than that of Ti alloy (116GPa), Co-Cr 
alloy (210GPa), and zirconia (220GPa).8 Utilization of PEEK has been limited because of 
the inertness of the material. Hahnel et al10 reported that cell viability on the surface of 
PEEK substances was significantly lower than for zirconia, titanium, and 
polymethylmethacrylate. There are 2 main strategies for enhancing the bioactivity of 
PEEK: surface modification and composite preparation. PEEK composites may be a 
satisfactory substitute for conventional titanium abutments, particularly with regard to 
biocompatibility with surrounding bone and soft tissue.8 
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    Soft tissue consolidation adjacent to implants may provide a “protective seal” between 
the oral environment and supporting bone. It has been hypothesized that peri-implant 
gingival tissues may prevent bacterial colonization, thus preventing irreversible marginal 
bone loss.10,11 Therefore, early establishment of organized soft tissue around implant 
abutments may be an important step toward osseointegration and long-term implant and 
restoration survival.8 
 
    Human gingival fibroblasts (HGFs) are the principal cells composing peri-implant 
connective tissue.8 These cells secrete extracellular matrix containing collagen fibers and 
are important for gingival wound healing and regeneration.8 The amount and bioactivity 
of HGFs at the implant–gingival interface may influence formation of peri-implant soft 
tissue seals. It has been hypothesized that the surface characteristics of biomaterials used 
in implant abutments may be important for determining the quality of attachment 
between soft tissue and implant abutment interfaces.8 
 
Although dental implants have promising long-term survival and success rates, there are 
some parameters that may adversely affect clinical outcomes for clinicians and patients. 
The aim of the current study was to evaluate HGFs (viability and adhesion) upon specific 
surface modifications made to titanium alloy and PEEK implant components.  
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CHAPTER II 
BACKGROUND AND SIGNIFICANCE 
 
The concept of osseointegration was introduced by Branemark et al in 1977 and since 
then, dental endosseous implant therapy has improved in terms of success, survival and 
prognosis. Crestal bone level is one of the parameters that has had immense influence in 
assessing treatment outcomes of implant therapy. In general, crestal bone loss of 1.5mm 
during the first year, followed by up to 0.2mm loss in the subsequent years has been 
considered acceptable.12,13 
There are many factors involved in crestal bone remodeling including clinician and 
patient-related factors, as well as implant-related factors which may lead to foreign body 
reactions, inflammation and infections. Microtopography of implants, implant-abutment 
connections, and implant position in relation to crestal bone are examples of implant-
related parameters.13,14 
In the beginning, smooth implant surfaces with residual periodic microgrooves were 
made by machining bulk titanium rods. However, during the last 30 years, many 
chemical and physical techniques have been developed to improve osseointegration and 
implant therapy.14 For instance, titanium plasma spraying, acid-etching or grit-blasting 
have been used to improve microtopography of titanium surfaces.14,15 Acid-etching has 
been performed using hydrofluoric, nitric, or sulfuric acid and combinations thereof.15 
Grit-blasting has been performed by projection of silica (sand-blasting), hydroxyapatite, 
alumina or TiO2 particles onto implant surfaces, and has been followed by acid-etching 
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to homogenize the micro profile of the treated implants. This also has removed much of 
the residual blasting particles from the implant surfaces.16 
 
New technologies have been used for surface modification of implant materials to obtain 
better biologic results. Controlled laser ablation is one of these technologies, which 
creates microgrooves on the collar surface of implants or transmucosal parts of 
abutments. Stability of peri-implant soft tissue and preservation of crestal bone levels 
have been reported to be the main clinical rationale for microgroove texturing. There 
have been many clinical studies that supported this effect.16-18 
According to a 5-year retrospective study by Guarnieri et al19, the risk of onset of peri-
implant diseases was reduced in laser-microgrooved implant collar surfaces. In contrast 
to smooth/machined collars, laser-microtextured surfaces influenced the orientation of 
connective fibers. Physical attachment of soft tissue fibers to these surfaces has been 
documented in histologic animal and human histologic studies.20-24 Connective tissue 
fibers orient perpendicularly to laser-micro grooved surfaces, which provided more 
support to soft tissue and reduced probing depths. This may lead to decreased marginal 
bone loss.19 Around machined implant surfaces, collagen fibers have been oriented 
circumferentially and parallel to the surface; however, when there has been attachment 
between the soft tissues and machined implant surfaces, it has influenced the structure of 
biologic width around implants. Attachment of connective tissue creates a physical 
barrier around implants, which may prevent apical migration of inflammation and 
stabilizes peri-implant soft tissue.19 
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A resistant seal to protect the peri-implant soft and hard tissue around implant 
transmucosal components has been of a great importance. According to in vitro and in 
vivo studies, wider bands of connective tissue attachment on the transmucosal parts of 
implants  with horizontal microgrooves has been demonstrated; these physical contacts 
have prevented  epithelial downgrowth along implant surfaces.25-27 Laser-etched titanium 
surfaces have been created to develop “contact guidance phenomenon, which refers to the 
tendency of a cell to be oriented and guided in its direction of motion by the shape of the 
surface with which it is in contact”.28 
Cell adhesion depends on groove characteristics; it can be focal adhesion to the groove 
ridge or the entire cell may adhere to the groove wall.29  
Connective tissue attachment to laser-microtextured titanium surfaces (Laser-Lok, 
BioHorizons) has been studied histologically in animals and humans and has shown 
evidence of connective tissue attachment.23,24  
Wettability of PEEK materials has been a crucial matter in the field of biomedicine. In 
order to promote polymer surface wettability, different methods have been used: 
mechanical etching, chemical treatment, flame treatment, DC glow discharge, and ion 
and electron beam irradiation. Laser and plasma treatment are 2 other methods that have 
been used to modify polymer surface wettability.30 
Laser treatment has been shown to be an effective method in improving wettability 
properties of different polymers such as polymethyl methacrylate (PMMA) and poly [1-
methoxy-4-(O-disperse Red 1)-2,5-bis(2-methoxyethyl) benzene) (PODR1)].31 Having 
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control over laser application by modifying exposure characteristics (wavelength, pulse 
length, etc.) makes this method flexible and applicable.31 
Plasma treatment is a common method of surface modification that provides oxygen-
containing groups at the surface. By modifying surface chemistry, it may improve 
polymer hydrophilicity.32 
Combinations of laser and plasma treatment may provide a patterned surface composed 
of nano- and micro-textures and desirable chemical groups on the surface, which can be 
used to modify the wetting characteristics of PEEK materials.32 
 
Hypotheses: The null hypothesis for this study is there will be no difference between 
PEEK and modified PEEK surfaces, and titanium and laser modified titanium surfaces 
regarding surface roughness, human gingival fibroblast proliferation and viability. 
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CHAPTER III 
 
MATERIAL AND METHODS 
 
 
 
All PEEK and titanium (Ti) specimens were manufactured in the form of disks (10mm 
(d) × 1mm (h)). The Ti disks were milled from titanium alloy, Ti-6AL-4V ELI (extra low 
interstitials). 
 
Laser modified (Laser-Lok) Ti disks were provided by Biohorizons Company 
(Birmingham, Al). Laser-Lok grooves measured 8-microns. 
 
PEEK disks were machined from PEEK rods (Invibio PEEK OPTIMA, Invibio 
Biomaterial Solutions, PA, USA), and subsequently received laser microgroove texturing 
at Pulse Technologies (Quakertown, PA). 
 
 
 
 
 
 
 
Fig.1: 6 Experimental Groups Right to Left: Ti (machined Ti), TiL (Ti 
Laser-Treated), (machined PEEK), PP (PEEK Plasma-Treated),  
PL (PEEK Laser-Treated), PLP (PEEK Laser &Plasma-Treated). 
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Pilot Laser Texturing: 
 
For PEEK laser modification, different methods of texturing were suggested by Pulse 
Technologies (Quakertown, PA). A pilot study was initially carried out on PEEK disks: 
20 disks were textured by “laser etching”, and 7 disks were “laser marked”.  
 
The Laser Marking Process 
Laser marking is achieved by using low-powered laser moving slowly across the material 
surface. It slightly alters material’s surface properties or appearance. The material turns 
black due to the oxidation happening under the surface. It is popular in the medical 
device industry for stainless steel and titanium parts but can be performed on other 
materials as well. 
The Laser Etching Process 
Laser etching occurs when heat from the laser beam causes the surface of the material to 
melt. 
Laser etching can be done on different surfaces: bare, anodized or plated metal, polymers 
and ceramics.  
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In this study, the same laser was used for all pilot samples; however, time, power, and 
wavelength differed. The samples were evaluated under a laser microscope (LEXT 
OLS4000 3D Laser Measuring Microscope). The most favorable pattern was chosen 
according to the homogeneity of the pattern, depth of the grooves, and desired 
consistency of the grooves. 
 
 
Fig.2: LEXT OLS4000 3D Laser Measuring Microscope 
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Plasma spray:  
 
Plasma modification was used for 2 groups of PEEK samples; PEEK plasma sprayed 
(PP) and PEEK with laser modification and plasma treatment (PLP).  These substrates 
were modified in a commercially available plasma chamber (PE-50 Venus, Plasma Etch, 
Carson City, NV, USA) equipped with a radio frequency (RF) source operating at 
120VAC / 60Hz. 
Nitrogen plasma treatment was carried out for 5 minutes under vacuum condition at 250–
300 W and 0.01mbar pressure. 
 
 
 
Fig.3: Plasma chamber (PE-50 Venus, Plasma Etch, Carson City, NV, USA) 
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After machining and/or surface treatment, the disks were ultrasonically cleaned and 
rinsed in distilled water, then dried at 50°C for 24 hours.  
 
Six types of surface/material combination were evaluated in this study: titanium (Ti), 
laser-modified Ti (TiL), PEEK (P), laser-modified PEEK(PL), plasma sprayed PEEK 
(PP), laser-modified and plasma sprayed PEEK(PLP). One-hundred and sixty-eight disks 
were prepared, (28 disks for each group). The disks were evaluated for surface 
characteristics measurements, cell attachment/morphology, and proliferation assays as 
follows:   
6 for surface characteristic measurements 
3 for contact angle measurements 
3 for cell attachment assays 
8 for cell proliferation assays on the third day 
8 for cell proliferation assays on the seventh day.  
 
Parameters of surface characteristics were surface roughness (Sa), and water contact 
angle (WCA).  
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1) Physical characteristics 
 
Surface roughness: Surface roughness was evaluated using a LEXT OLS4000 3D Laser 
Measuring Microscope. Sa value was obtained from the profiling system. Scans were 
made on 6 samples per group, and 3 areas (square of 500×500 µm) were measured for 
each sample.  
 
Sa (arithmetical mean height): Sa is the extension of Ra (arithmetical mean height of a 
line) to a surface. It expresses, as an absolute value, the difference in height of each point 
compared to the arithmetical mean of the surface. This parameter is used generally to 
evaluate surface roughness. 
 
 
Water contact angle: WCAs were measured with a video contact-angle measuring 
system at room temperature. For the WCA measurements, distilled water was dropped 
onto a specimen, and the water droplet was captured using a camera (Dino-lite) with an 
illumination system. The contact angle measurement was made after 10 seconds of delay, 
which allowed the droplet to stabilize. 
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Fig. 4: Dino-lite Camera 
 
 
 
 
 
 
 
 
 
Fig. 5: Concept of hydrophilicity. The hydrophilic surface on the left exhibits a water contact angle of 
α<90o, whereas the hydrophilic surface on the right shows a contact angle of β>90o. 
 
Picturefrom:https://www.researchgate.net/publication/305218730_Impact_of_Dental_Implant_Surface_Mo
difications_on_Osseointegration/figures 
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X-ray photoelectron spectroscopy (XPS): 
XPS is a surface-sensitive, quantitative, spectroscopic technique that measures the 
elemental composition at the parts per thousand range, empirical formula, chemical 
state and electronic state of the elements that exist within a material.  
 
 
XPS Chamber at University of Wisconsin Milwaukee: This is a 12″-diameter chamber 
pumped by means of an ion pump and sublimation pump, operating at a base pressure of 
~1×10-10 Torr. It is equipped with a computer-multiplexed Dycor quadrupole mass 
spectrometer for temperature-programmed desorption (TPD) experiments. It also 
contains a double-pass, cylindrical-mirror analyzer (CMA) system with co-axial electron 
gun and an X-ray source for collecting Auger and XPS data. 
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Fig. 6:  XPS Chamber 
 
 
 
2) Biological characteristics 
 
Cell seeding: HGFs that were stored in liquid nitrogen were used for this project. These 
cells were harvested from healthy patients undergoing oral implant surgery with their 
written informed consent with appropriate approvals at Marquette University School of 
Dentistry (MUSoD). The cells from oral tissues were cultured in Dulbecco´s modified 
Eagle´s medium supplemented with 10% fetal bovine serum and 100 μg/ml 
penicillin/streptomycin; they were incubated at 37ºC in a 5% CO2 atmosphere. Cells were 
seeded on the sterilized samples at a density of 1× 105 cells/mL in 24-well plates. Briefly, 
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(1) cells were Trypsinized and incubated for 5 min; (2) complete media was added to 
trypsinized cells. The suspension was centrifuged in a sterile 15 ml falcon tube at 120 g 
for 5 min; (3) media was removed and cells were  resuspended in complete media; (4) 
cells were counted using trypan blue staining; (5) cells were diluted and seeded on the 
sterilized samples at a density of 1×105 cells/mL in 24-well plates, allowed attaching for 
3 hours and then were submerged in media; and (6) cells attached on the sample were 
incubated at 37°C, 5% CO2 and 80% humidity for 1, 3, and 7 days. 
 
Cell proliferation assay: PrestoBlue reagent (Invitrogen, LifeTechnologies) was used 
for cell proliferation. Steps 1 to 6 noted above was the cell-seeding procedure. At each 
time point, the media was replaced by presto-blue 10% v/v solution in DPBS and 
incubated for half an hour at 37°C, 5% CO2, and 80% humidity. Certain volumes (90 μl) 
of the obtained solutions were transferred to a 96-well plate. After one hour of 
incubation, the resultant discoloration, which was directly related to the metabolic 
activity of cells, was measured by a microplate Reader (Synergy HTX, BioTEK) with 
excitation wavelengths of 540nm and emission wavelengths of 590nm. The intensity was 
proportional to the number of cells on the sample; the proliferation rate was obtained by 
dividing the obtained value at each time point to the value of the previous time point. 
 
Morphological observation: After seeding the cells and allowing them to attach and 
grow for 24 hours, the morphology and growth of cells attached on different samples was 
assessed by SEM. The samples were fixed for 4 hours in 2% glutaraldehyde with 4% 
paraformaldehyde, afterwards, the samples were washed twice for 5 min by PBS 
(phosphate buffered saline). Next, the samples were post-fixed for 1 hour in 1% aqueous 
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Osmium Tetroxide (OsO4). The samples were washed twice for 5 min with distilled water 
and dehydrated in increasing ethanol series: 30-50-70-90-100%. The samples were 
mounted on double-sided carbon tape. Finally, they were sputter-coated with Pd/Au - 
100Ǻ layer and observed using back-scattering and secondary electron modes at different 
magnifications.  
 
 
Fig. 7: Pd/Au Coater 
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Fig.8: JEOL-JSM6510 SEM 
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Cell viability assay: For assessment of cell viability, samples were placed at the bottom 
of a 48-well plate and sterilized with UV light for 2 h; 2×105 HGF in 500μL of standard 
culture medium (containing DMEM along with 10% FBS and 1% antibiotic and 
antimycotic) were added to the wells. All samples were incubated at 37°C and 5% CO2. 
The CellTiter-Glo luminescent cell viability assay (Promega, Madison, Wis.), based on 
ATP bioluminescence as a marker of cell viability, was performed on samples in each 
group 7days after cell culture on powders according to the manufacturer's protocol. 
Briefly, the old media was removed and 150 µl of phosphate buffered saline (PBS) was 
added to all wells immediately before addition of 150 µl ATP assay reagent. The contents 
were mixed for 2 min to induce cell lysis; the plate was incubated at room temperature 
for 10 min to stabilize luminescent signals.  Luminescence was recorded in a Microplate 
Reader (Biotek Instruments, Inc., Vermont, USA). 
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Fig. 9: Synergy Fluorescence Microplate Reader 
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CHAPTER IV 
RESULTS 
 
 
 
 
Comparison of the means of the measured values among the groups was performed with 
one-way analysis of variance (ANOVA) with post hoc comparison using the post-hoc test 
(P<.05 was considered statistically significant).  
 
 
Surface Characteristics: 
 
Sa values of laser modified groups were significantly higher than non-modified (smooth 
machined) groups (p<.001). WCA of all groups was greater than 40 degrees, except for 
the plasma treated groups. 
 
 
Table 1: Surface Characteristics 
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Fig 10: Scan Area 500 μm ×500 μm, PEEK Laser-Modified 
 
 
 
 
 
Fig 11: Scan Area 500 μm ×500 μm, Ti Laser-Modified 
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Water contact angle: 
 
WCA of all groups was greater than 40 degrees, except for the plasma treated groups 
which was 0 degree.  
 
                         Fig. 12: WCA of Ti group. 
 
                          
                         Fig. 13:  WCA of TiL group. 
 
WCA 54.71
T1
WCA 48.77
TL1
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                           Fig.14:  WCA of P group. 
                          
 
                             Fig. 15: WCA of PL group. 
 
 
 
WCA 82.61
P3
WCA 100.7
PL3
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XPS Analysis:  
 
As expected, the peaks were wider for laser treated PEEK (rougher) as expected. Apart 
from carbon and oxygen, 2.1 atomic % of sulfur was detected on the PEEK surface.   
C on Ti sample had more C-O and C=O bonds. Laser treated samples had much more C: 
59/45 overall C atomic percentage. 
XPS analysis of both Ti and PEEK groups showed that laser treatment did not alter 
chemical bonding. 
 
 
 
 
 
 
  
Fig. 16: PEEK XPS analysis 
PEEK asis
o 1s
Region
%
Min: 0Max: 100
C 1s O 1s S 2p
82.5 %
15.4 %
2.1 %
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Fig. 17: PEEK laser-modified XPS analysis 
 
 
 
 
 
 
 
Fig. 18: Ti XPS analysis 
 
Laser PEEK asis
S2p
Region
%
Min: 0Max: 100
C 1s O 1s S 2p
78.9 %
21.1 %
0.0 %
Ti_V_Al asis
Atomic %
Region
%
Min: 0Max: 100
C 1s O 1s Ti 2p N1s Al 2p V 2p3
43.9 %43.8 %
8.4 %
2.2 % 1.6 % 0.0 %
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Fig. 19: Ti laser-modified XPS analysis 
 
 
 
 
 
 
Cell proliferation: 
 
 
On the first, third, and seventh day of proliferation, titanium groups showed no 
significant differences (P>.05). On the first and third day of proliferation, the plasma 
treated PEEK groups showed significantly greater proliferation than all experimental 
groups (P < .001); the PL group had the lowest proliferation (P < .001). On the seventh 
day of proliferation, statistically significant differences were observed among all groups 
(P < .001), with the exception of PL and P. 
 
 
 
 
 
Laser Ti_V_Al asis
Atomic %
Region
%
Min: 0Max: 100
C 1s O 1s Ti 2p N1s Al 2p V 2p3
56.8 %
31.4 %
6.7 %
3.2 % 1.7 % 0.2 %
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Fig. 20: FL Intensity after 24h, 3days, 7days 
 
 
 
 
Morphological Observation: 
 
Morphologic SEM examination of the samples showed that the laser modified surfaces 
had altered surface topographies compared to the control samples. Irregular structures on 
the surfaces of control groups were related to the turning process at manufacturing. SEM 
revealed more functionally oriented HGF cells on the laser-grooved surfaces; however, 
the cells on the laser-modified PEEK groups were more stretched compared to the TiL 
group. 
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Fig. 21: SEM image of the laser-Lok titanium surface, at 650 magnification. Scale bar 20 μm.  
 
 
Fig.22: SEM image of the laser-modified PEEK surface, at 950 magnification. Scale bar 20 μm.                                   
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Fig. 23: SEM image of the HGF attached to PEEK surface after 24h, at 750 magnification. Scale bar 
20 μm.  
 
 
 
Fig. 24: SEM image of the HGF attached to laser-modified PEEK surface after 24h, at 700 
magnification. Scale bar 20 μm.   
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Fig. 25: SEM image of the HGF attached to plasma-treated PEEK surface after 24h, at 550 
magnification. Scale bar 20 μm.  
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Fig. 26: SEM image of the HGF attached to plasma-treated and laser-modified PEEK surface after 
24h, at 700 magnification. Scale bar 20 μm.                                                                 
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Fig. 27: SEM image of the HGF attached to machined titanium surface after 24h, at 550 
magnification. Scale bar 20 μm.  
 
 
 
Fig. 28: SEM image of the HGF attached to Laser-Lok titanium surface after 24h, at 550 
magnification. Scale bar 20 μm.  
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CHAPTER V 
 
DISCUSSION 
 
 
The aim of this in vitro study was to compare physical characteristics (surface roughness 
and WCA) and the attachment and proliferation of human gingival fibroblasts on 2 
implant materials with different surface modifications. The null hypothesis was rejected 
for both PEEK and titanium groups. 
The results showed that surface roughness between titanium groups (machined titanium 
and Laser-Lok titanium) was significantly different (p<.05); however, the WCA was not 
significantly different. For PEEK groups, surface roughness of the laser-treated 
specimens was significantly different from the non-laser-treated group. Plasma-treated 
PEEK groups in this experiment had hydrophilic surfaces, but all other groups had 
hydrophobic surfaces. 
A surface with a WCA greater than 40 degrees is considered hydrophobic.
34 Although the 
WCAs of the Ti and TiL groups were smaller than that of the P and PL groups, they were 
still greater than 40 degrees. The result for the titanium alloy (Ti-6Al-4V) is similar to the 
results in the Ponsonnet et al35 study; in their study the WCA of Ti-6Al-4V alloy was 
50.1 ± 3.1 degrees, and the slight WCA difference between the 2 studies may be due to 
the differences in specimen roughness.  
Plasma treatment led to an ultra-hydrophilic behavior. The water droplet spreads totally 
on plasma treated PEEK and laser-plasma-treated PEEK specimens. On the contrary, 
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laser textured surfaces exhibited dissimilar behavior. The contact angle on laser-treated 
PEEK was measured as 100.2±4.6, which is comparable with Akkan et al32 study (110 
degree). Different surface treatments may have different effects and the difference 
between wetting characteristics of microtextured and plasma treated PEEK strongly 
indicates that. When the roughness of a hydrophobic surface is increased its non-wetting 
behavior improves36, and the results of this study shows that for both titanium and PEEK. 
Besides topography it is well known that the surface chemistry plays a role in the 
wettability37. Therefore, it is not appropriate to derive a direct relation between the 
roughness of the surfaces and its wetting.  
In order to estimate the effect of laser texturing on the surface chemistry XPS analysis 
was employed. It was observed that C on Ti asis samples exhibited more C-O and C=O 
bonds. Laser treated samples (Ti) has much more C: 59/45 overall C atomic percentage. 
Additionally, a relatively small decrease in the C/O ratio was observed for laser treatment 
in comparison to non-laser treated samples.  
Surface free energy (SFE) plays a pivotal role in HGF cell proliferation. A surface with a 
high SFE facilitates cell attachment by absorbing more proteins.1 Wettability and SFE are 
inversely related with WCA. In this study, it was observed that HGF cell proliferation is 
inversely related to WCA. Plasma treated groups showed the highest cell proliferation 
and lowest WCA. Conversely, P and PL groups had the highest WCA and showed 
significantly lower HGF proliferation. Thus, the Ti, PP, and PLP groups had a higher 
proliferation than the P and PL groups. Furthermore, plasma-treated groups (PP, PLP) 
showed significantly higher cell proliferation than Ti on the first and third days. 
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In the current study, the morphology of cells (observed under SEM) attached to Laser-
modified PEEK surface was significantly different from that observed on non-modified 
surfaces. However, on Laser-Lok titanium samples, a combination of cell morphology 
was observed. The majority of cells were elongated and stretched and had more 
pseudopods attached in the grooves (compared to titanium). 
Cell morphology, elongated versus round cells, determine the cell-surface affinity.38 
Various surface modifications may cause changes in the morphology of fibroblasts. 
Elongated cells have more cytoplasmic pseudopods which will result in stronger 
attachment to the surface.38 Laser ablation technology is employed in Lase-Lok 
microchannels to create a series of cell-sized (8-11 μm) circumferential channels with 
optimal size for cells attachment.38 Furthermore, the microgroove surface structure 
increases the contact area and enables the integration of cell pseudopods and collagen 
microfibrils with the surface.39 
In Esfahanizadeh et al38 study, SEM revealed that the majority of cells in the Laser-Lok 
group were elongated and had pseudopods, while in the titanium group, a combination of 
elongated and round cells was observed on the surfaces. In this study, Laser-Lok titanium 
samples showed elongated cells as well and they were stretched and had more 
pseudopods attached in the grooves compared with titanium surface; and titanium 
surfaces had a combination of cell morphology. For the PEEK laser-modified samples, 
cells were elongated and attached into the grooves, and for PEEK laser and plasma 
treated surfaces, the quality and quantity of the fibroblasts attachment was improved. On 
  
38
the non-laser-modified surfaces, the cells had a round shape. There is no study available 
on the biological (cell attachment/ proliferation) characteristics of laser-modified PEEK 
to compare with the results of this study. 
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                                                     CHAPTER VI 
CONCLUSIONS 
 
Within the limitations of this study, laser modified titanium and PEEK surfaces led to 
guided gingival fibroblast attachment. Plasma treatment of PEEK materials increased the 
wettability of this polymer and improved proliferation of HGF. Therefore, PEEK implant 
components may be a valid choice in areas of esthetic challenges, where maximum soft 
tissue/implant component contact is essential. However, further in vivo evaluations of 
these materials are necessary to confirm this conclusion.  
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